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Segregated impurities at grain boundaries can dramatically change the mechanical behavior of
metals, while the mechanism is still obscure in some cases. Here, we suggest an unified approach to
investigate segregation and its effects on the mechanical properties of polycrystalline alloys using the
example of 3sp impurities (Mg, Al, Si, P, or S) at a special type Σ5(310)[001] tilt grain boundary in
Cu. We show that for these impurities segregating to the grain boundary the strain contribution to
the work of grain boundary decohesion is small and that the chemical contribution correlates with
the electronegativity difference between Cu and the impurity. The strain contribution to the work
of dislocation emission is calculated to be negative, while the chemical contribution to be always
positive. Both the strain and chemical contributions to the work of dislocation emission generally
become weaker with the increasing electronegativity from Mg to S. By combining these contribu-
tions together we find, in agreement with experimental observations, that a strong segregation of
S can reduce the work of grain boundary separation below the work of dislocation emission, thus
embrittling Cu, while such an embrittlement cannot be produced by a P segregation because it
lowers the energy barrier for dislocation emission relatively more than for work separation.
PACS numbers: 62.20.Mk, 61.72.Mm, 61.72.Bb, 68.35.Dv, 05.70.Np
Impurity-induced embrittlement accounts for many no-
torious cases of brittle failure of polycrystalline metals
[1–3]. Bismuth-embrittled nickel and copper are well-
known cases of such an embrittlement behavior and,
therefore, they have been extensively studied [1, 4–6].
The impurity-induced embrittlement was attributed ei-
ther to a chemical effect of the Bi segregation, which is
believed to change the bonding strength at grain bound-
aries (GBs) [1, 6], or to a size (strain) effect that is asso-
ciated with the size misfit of Bi in the Cu lattice [4, 5].
However, no theory could explain the remarkable dif-
ference between the effects of P and S on the ductility
of polycrystalline copper [7, 8]. Segregated S at GBs is
strongly detrimental and several ppm of residual S can
remarkably embrittle copper [3, 9, 10]. However, the ad-
dition of about 50 wt. ppm of the neighboring element
P can cure the Cu embrittlement problem and recover
the ductility of polycrystalline copper [8]. Evidently, the
atomistic mechanism of grain boundary deformation with
segregated impurities needs further clarification.
In this letter, we suggest a unified approach based on
first-principles calculations with which the segregation of
3sp impurities at extended defects and the segregation
effects on mechanical behavior of polycrystalline copper
can be investigated. Our analysis shows that Mg, Al
and Si do not embrittle Cu, P can improve the ductility
of polycrystalline copper, and S can cause intergranu-
lar embrittlement of Cu. The chemical and size effects
on both the work of GB decohesion (also called work of
separation Wsep) and the work required for dislocation
emission (dislocation nucleation threshold Gdisl) gener-
ally follow the change of electronegativity (χ) for the 3sp
impurities in Cu. The sharp contrast between the ef-
fects of P and S on the mechanical behavior of GBs in
Cu is found to result from the quantitative differences
between the effects of these impurities on the Wsep and
Gdisl. These findings explain well the experimental ob-
servations and may stimulate the efforts aimed at grain
boundary engineering in polycrystalline metals.
Nucleation, growth, and coalescence of cracks or voids
at GBs are the basic processes involved in the creep defor-
mation and intergranular failure of polycrystalline met-
als [11]. The deformation behavior of GBs may be brit-
tle or ductile depending on how cracks propagate along
them, which in turn is a result of the competition be-
tween the events of crack advance (by brittle cleavage)
and crack blunting (by dislocation emission) associated
with an atomically sharp crack tip [12–19]. This compe-
tition is well illustrated in the model by Rice, Thomson,
and Wang [15, 17, 20], which states that a GB crack
propagates in a brittle or a ductile fashion depending on
whether the specific energy release rate required to emit
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2a single dislocation (Gdisl), is higher or lower than that
associated with the brittle GB decohesion (Wsep).
A polycrystal can lower its energy by accumulating im-
purities at stacking faults (SFs), dislocations and GBs.
As a consequence, impurities may form so rich segre-
gations at extended defects that these regions become
qualitatively different from the host crystal in terms of
chemical bonding, which may induce dramatic changes
of material’s properties. To investigate how impurities
change the GB deformation behavior, we must calculate
both Wsep and Gdisl in the absence or presence of impu-
rities at GBs. The ideal work of separation is given by
Wsep = 2γs − σ according to Griffith’s fracture theory
[21], where σ and γs are the surface energies for the GB
and for each of the two opened surfaces. According to
Rice [17], the threshold for dislocation nucleation at a
GB crack under tensile loading normal to the GB/crack
plane (mode I) may be related to the unstable stacking
fault (USF) energy γusf as
Gdisl = 8γusf [1 + (1− ν)tan2φ]/[(1 + cosθ)sin2θ], (1)
where ν is the Poisson’s ratio, θ is the inclination angle
of the slip plane with respect to the crack plane, and φ is
the angle between the Burgers vector and the normal to
the crack front in the slip plane. The surface energies σ,
γs and γusf can be calculated as derivatives
(
∂G
∂A
)
T,P,ni
of the respective excess Gibbs free energy G with respect
to the surface area A. Here T and P are the temperature
and pressure, respectively, and ni is the number of atoms
of species i in the system. In the presence of impurities,
an additional contribution to in the Gibbs free energy,
∆Gseg due to the impurity segregation, will appear in
the numerator.
Let us consider the case of strong segregants at low
temperature T → 0 to neglect the entropy term and also
take P = 0. Then the the Gibbs free energy may be ac-
curately approximated by the total energy E of a static
atomic configuration, which can be calculated using den-
sity functional theory (DFT) in the generalized gradient
approximation (GGA-PBE) [22] as implemented in the
Vienna Ab-initio Simulation Package (VASP) [23, 24],
see Supplemental Material.
We model the atomic structure of Σ5(310)[001] sym-
metric tilt GB by a periodic supercell with two identical
grain boundaries separated by nineteen (310) layers as
shown in Fig. 1: This GB is chosen for the present study
because it has a relatively high energy (0.871 J/m2) sim-
ilar to the energy of random GBs and is abundant in
polycrystalline copper. We simulate isolated impurities
using a 3×3×3 fcc Cu-based supercell (108-atoms) with
one substitutional impurity atom inside. The calculated
σ, γs, γusf , Wsep, and ∆Gseg are in good agreement with
experimental data and results of previous calculations.
Details of the present GB, SFs and free surface modeling
can be found in the Supplemental Material.
FIG. 1. Atomic structure of the Σ5(310)[001] symmetric tilt
GB in a supercell model comprised of 152 atoms: top view
(a) and side view (b). The inequivalent sites are labeled by
numbers. Atoms are colored according to the magnitude of
atomic local strain tensor [25], with dark blue indicating zero
and light blue indicating higher value.
TABLE I. Segregation energies of the 3sp elements to the
Σ5(310)[001] GB, (310) open surface, ISF, and USF of copper,
calculated using PBE functional. The negative sign indicates
that the segregation site is energetically preferred to the bulk.
Site
Segregation Energy (eV/atom)
Mg Al Si P S
1 -0.25 -0.29 -0.58 -0.90 -1.03
2 -0.42 -0.29 -0.29 -0.43 -0.58
3 -0.32 -0.30 -0.57 -0.95 -1.15
7 -0.62 -0.28 -0.32 -0.35 -0.69
9 -1.13 -0.47 -0.05 -0.25 -0.68
10 0.33 0.01 -0.54 -0.93 -0.76
(310)s -0.63 0.10 -0.22 -1.14 -2.01
ISF -0.047 -0.053 -0.100 -0.131 -0.136
USF -0.030 0.007 -0.026 -0.092 -0.038
To evaluate the impurity segregation effects on Wsep
and Gdisl we calculated the impurity segregation energies
to a Σ5(310)[001] symmetric tilt GB, a (310) surface, and
two types of stacking faults (SFs) in copper using super-
cell models of these defects, first in pure copper and then
with one or two impurity atoms in the defected region
(for details, see Supplemental Material). The obtained
results were then extrapolated to higher impurity con-
3FIG. 2. Segregation-induced changes of the work of grain
boundary separation and the work of dislocation nucleation
as a function of impurity segregation density. Symbols are
the calculated data. Lines are obtained by linear fit. The
cross-hatching indicates the area to which the results have
been extrapolated.
TABLE II. Segregation-induced changes of Wsep and Gdisl
with contributions from the chemical (chem) and relaxation
(strain) effects.
Impurity
∆Wsep (mJ/m
2) ∆Gdisl (mJ/m
2)
total chem strain total chem strain
Mg 94.0 81.2 12.8 -37.7 419.8 -457.5
Al 110.0 112.0 -2.1 8.8 328.0 -319.2
Si 68.1 75.1 -7.0 -33.0 182.7 -215.7
P -36.9 -35.3 -1.5 -114.6 92.9 -207.5
S -165.4 -178.4 12.9 -47.1 101.7 -148.8
centrations. In the calculations for the SFs almost linear
concentration dependencies were obtained implying that
the interactions among the impurities mostly cancel out.
We therefore assume a linear dependence of Gdisl on the
impurity segregation density parameter Γ.
Table I reports the calculated segregation energies for
the 3sp impurities towards a Σ5 GB, a (310) open surface,
an intrinsic SF, and an unstable SF. All the impurities are
found to prefer to segregate to the GB rather to the SFs.
The segregation driving force for 3sp elements to the GB
or open surface is the weakest for Al and increases from
Al towards Mg or S. The preferred GB substitutional
segregation site by Mg and Al is site 9, while Si, P, and
S prefer segregation sites 1 or 3.
The changes to Wsep and Gdisl induced by the presence
of different impurity atoms at the GB or USF modeled
using supercells are listed in Table II. We analyze the
computed changes via a procedure similar to that by Lo-
zovoi et. al. [5, 26] by defining several reference systems
(relaxed or unrelaxed atomic configurations with or with-
out an impurity atom in the bulk-like environment or in
the defective region) to separate the total impurity effect
into a chemical and a strain contribution (the procedure
is detailed in the Supplemental Material). The results of
this analysis are also presented in Table II.
For 3sp impurity elements, the calculated ∆Wsep is the
highest for Al and decreases from Al towards Mg or S; the
same trend is exhibited by the segregation energy to a GB
or to an open surface. This correlation is natural since
Wsep is the difference between the surface energy (taken
twice) and the GB energy. Table II also shows that the
strain contribution to ∆Wsep is small compared to the
chemical contribution, so that the impurity effect on the
work of separation is predominantly determined by the
chemical contribution. Messer and Briant [27] suggested
that more electronegative impurities should lower Wsep.
This trend is partly confirmed by the present calcula-
tions: elements Mg and Al that are less electronegative
than Cu increase the work of separation while more elec-
tronegative elements P and S decrease the Wsep. How-
ever, the variation of ∆Wsep along the 3sp series does
not quite follow the same trend as the electronegativity
difference ∆χ between the impurities and Cu. Thus, al-
though Si is more electronegative than Cu, it is found
to increase Wsep. One reason for the observed deviation
from the expected behavior may be the existence of sur-
face states due to the sudden termination of the crystal
atomic order at either a surface or a GB. Rodriguez et al.
[28] have shown experimentally that the charge transfer
(related to electronegativity difference) between impuri-
ties and host atoms at the surface is very different from
that for the atoms in the bulk.
Table II also shows that the strain contribution to
∆Gdisl is very large and negative for 3sp impurities in
Cu. As the interatomic bonds are expected to be stronger
in the bulk than in the USF region, the strain contribu-
tion to γusf and ∆Gdisl is expected to be negative. The
chemical contribution is large and positive; it regularly
decreases with the increasing electronegativity from Mg
to S. When added together, the strain and the chemi-
cal contributions to ∆Gdisl nearly balance each other, so
that the overall impurity effect on the work of dislocation
emission is calculated to be relatively small.
As discussed above, the impurity-induced changes to
4both Wsep and Gdisl are calculated to vary quite regu-
larly along the 3sp series from Mg to S, so that the reason
why P and S should have such contrasting effects on the
ductility of Cu is not obvious [7, 8]. However, if we plot
Wsep and Gdisl as a function of the segregation density
Γ in Fig. 2, a striking feature may be seen that only S
can decrease the Wsep below the level of Gdisl. For Mg,
Al, Si and P the value of Wsep always stays above that
of Gdisl, no matter how high the segregation density is.
At the same time, P segregation significantly decreases
the value of Gdisl. The resulting lowering of the acti-
vation barrier for dislocation emission from the tip of a
GB crack is consistent with the experimentally observed
positive effect of P alloying on the ductility of polycrys-
talline copper [8, 29]. In Fig. 2, the extrapolation of the
calculated results to high Γ values is justified by the lin-
earity of the obtained concentration dependencies, which
suggests that the impurity–impurity interactions mostly
cancel out in the Gdisl and Wsep calculations.
Whether or not a GB in Cu can become so enriched
in S as to reverse the order of Wsep and Gdisl is another
question. The segregation energies listed in Table I indi-
cate that 3sp impurities prefer the Σ5 grain boundary to
the stacking faults. The segregation energy can vary with
increasing the segregation density as a result of mutual
interactions among the segregating impurities. Attrac-
tive interactions lower the impurity chemical potential at
the GB and thus promote further impurity segregation,
while repulsive interactions counteract the segregation to
terminate further GB enrichment at the point of equilib-
rium where the repulsion is so strong that the incoming
impurity atom will gain more energy elsewhere in the
crystal (for instance, at SFs).
FIG. 3. The strongest binding energy for dimers at the Σ5
GB of copper in which the impurities are separated by far
(5.3–7.3 A˚) or close (2.4–3.1 A˚) distances.
To illustrate the interactions between impurity atoms,
we calculated the total energy for dimers of impurities
considered at different sites and at the Σ5 GB thus
TABLE III. The impurity interaction energy (eV) of 3sp im-
purities at GB for two different values of segregation density
Γ.
Γ, nm−2
Self-interaction energy (eV)
Mg Al Si P S
1.196 -0.20 -0.24 -0.2 -0.22 -0.19
2.393 -0.26 -0.11 0.00 0.02 -0.10
searching for the most likely configurations of the dimers.
The dimer binding energy was calculated by subtracting
from the segregation energy of a dimer (Table SM3) the
segregation energies of two single atoms (Table I) calcu-
lated using the same supercell by a straightforward for-
mula Eb = ∆ε
dimer
ij − ∆εsinglei − ∆εsinglej (superscripts
i and j indicate the sites occupied by impurities). We
briefly summarize the calculated data in Fig. 3 for the
impurity pairs with the strongest binding at either far
(5.3–7.3 A˚) or close (2.4–3.1 A˚) distances, respectively.
The Figure clearly shows that a S dimer tends to be
closely bound, while a P dimer tends to be dissociated.
However, the dimer binding energy cannot represent
the total interaction among the impurity atoms forming
a dense segregation because of its pairwise nature (many-
body effects are neglected) and the limited range (by the
size of GB supercell). To calculate an accurate interac-
tion energy, we have to introduce another formalism to
treat segregation, in which the impurity density in the
bulk region and at the GB is the same. We refer to this
treatment of segregation as the fixed-composition formal-
ism (here, fixed-composition refers to the total impurity
content in the system), while the previous one is here-
after called the variable-composition formalism. In the
fixed-composition formalism, the segregation energy is
computed as the energy difference between the GB struc-
tures with (the same amount of) impurities at GB sites as
well as at bulk sites, and therefore it represents just the
binding energy of the impurities to the GB, while the
interactions among the impurities are mostly cancelled
out. The segregation energies for one and two impurity
atoms in the GB supercell for the fixed-composition case
are collected in Tables SM4 and SM5, respectively.
By subtracting the segregation energy of the fixed-
composition case from that of the variable-composition
case, we collect the impurity interaction energy in Table
III. One can see that Mg and S show stronger attrac-
tive interactions compared to Al, Si and P impurities.
The S–S dimer has an attractive interaction no matter
what positions the two S atoms occupy at the GB. So,
S tends to densely segregate and the segregation density
can exceed the critical value where Wsep falls below Gdisl.
At the same time, P shows a less attractive interaction
than S and tends to distribute evenly. We performed a
different calculation to independently confirm that the
segregation of S can exceed the critical density, in which
5we placed 10 S atoms in the GB supercell (corresponding
to Γ=11.96/nm2) to obtain a segregated energy of -0.67
eV/atom.
We therefore conclude that S can densely segregate
to GBs and induce a ductile-to-brittle transition in GB
deformation behavior. In contrast, P is predicted not
to embrittle Cu, no matter how densely it segregates at
GBs. On the other hand, P may compete with S for
segregation sites at GBs, which can counteract the em-
brittlement caused by densely segregated S [30].
In summary, we investigated the nature of 3sp
impurity-mediated changes in the GB deformation be-
havior of polycrystalline Cu. The analyses suggest that
∆Wsep is related to the electronegativity difference be-
tween Cu and the impurity. ∆Gdisl has considerable con-
tributions due to both the chemical and strain effects.
The sharp contrast between the effects of P and S on
the ductility on polycrystalline Cu is just a result of a
delicate balance of the basic physical contributions.
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